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We show that a dimer made of two gold nanospheres exhibits a remarkable efficiency for second- 
harmonic generation under femtosecond optical excitation. The detectable nonlinear emission for 
the given particle size and excitation wavelength arises when the two nanoparticles are as close as 
possible to contact, as in situ controlled and measured using the tip of an atomic force microscope. 
The excitation wavelength dependence of the second-harmonic signal supports a coupled plasmon 
resonance origin with radiation from the dimer gap. This nanometer-size light source might be used 
for high-resolution near-field optical microscopy. 



INTRODUCTION 

During the last decade, nonlinear nanoparticles have 
been extensively studied as new light sources at the 
nanoscale. In particular, nanoparticles consisting of non- 
centrosymmetric material exhibit second-harmonic gen- 
eration (SHG) [IHl] which can be used for nonlinear opti- 
cal microscopy [5H9] . For nanoparticles made of pure no- 
ble metals, high electron polarisability could lead to much 
stronger nonlinear effects. However, inversion symmetry 
of the metallic crystalline structure forbids bulk second- 
order electric dipole response. For a metallic nanosphere, 
second-order polarization associated to induced surface 
dipole moments and volumic quadrupole moments pro- 
duces a weak SHG signal [T0HT2] , with a strong depen- 
dence to the nanoparticle shape and size [T3l [14] . 

Efficient SHG at the nanoscale can be obtained by plas- 
mon enhancement at the surface of a metallic tip [15], 
or by coupled plasmon modes in engineered metallic 
nanostructures with specific geometry, like T-shaped gold 
nano-dimers [16], bowtie-shaped nano-antenna [17], and 
gold nanowires [18]. In that context, a simple dimer 
structure consisting of two metallic nanospheres appears 
as a testbed for studying the plasmon coupling influ- 
ence on the nonlinear optical response. Indeed, the lin- 
ear scattering of this composite nanostructure exhibits 
a wealth of specific properties depending on its geomet- 
rical parameters HL91I24]. The coupled plasmon modes 
have resonance frequencies which can be tuned over the 
whole visible spectrum by changing the dimer geome- 
try [2T] , Moreover, the electromagnetic field density is 
greatly enhanced at the dimer gap and highly efficient 
four-wave mixing has been observed from such metallic 
dimers [251126]. 

In this Letter, we explore the second-order nonlin- 
ear properties of a single dimer consisting of two gold 
nanospheres (GNs) with controlable distance. We show 
that this dimer nanostructure leads to highly efficient 
SHG under femtosecond optical illumination in spite of 
its apparent centrosymmetry considered as a whole. The 



relative position of the two GNs is adjusted with nanome- 
ter accuracy using the tip of an atomic force microscope 
(AFM) [23]. We show that the SHG signal under the ex- 
perimental excitation wavelength-particle sizes condition 
is strongly enhanced when the two GNs are very close to 
contact, with a strong dependence on their mutual size 
ratio. The variation of the SHG intensity with the exci- 
tation wavelength supports the role of an near-infrared 
(IR) resonance resulting from the coupling of the plas- 
mon oscillations in the two gold nanospheres [2TJ [25] . 



EXPERIMENT AND RESULTS 

The principle of the experiment is shown in Fig. [TJa). 
The nonlinear optical response of coupled GNs is inves- 
tigated using a nano-optomechanical setup consisting of 
an AFM (Asylum Research, MFP-3D BIO) on top of a 
self-made inverted optical microscope. The GNs (100- 
nm diameter) were purchased from the British Biocell 
International (BBI) corporation. The colloidal solution, 
which is stabilized in water by citric acid, is deposited by 
spin coating on a standard 150-/im thick glass coverslip. 
Before spin coating, the glass coverslip was silanized in 
order to functionalize its surface with NH3" groups. Since 
the GNs have negative charges on their surface, an elec- 
trostatic interaction allows to efficiently catch them on 
the glass surface during the spin coating, thus leading to 
well-dispersed GNs on the substrate. The AFM is used 
both to record the surface topography of the sample and 
to perform mechanical manipulation of the GNs. The 
formation of a single gold dimer is gradually achieved by 
pushing a GN toward another with the AFM tip, thus 
controlling the interparticle distance from large separa- 
tion to contact between the two spheres. A titanium- 
doped sapphire (Ti:Sa) laser emitting 100 fs pulses in 
the 800-1000 nm wavelength range at 80 MHz repetition 
rate is tightly focused onto the sample through a high nu- 
merical aperture microscope objective (NA = 1.4, corre- 
sponding to a maximum collection half angle of 68°). The 
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FIG. 1: (a) -Experimental setup. AFM tip: Olympus, 
AC160TS used as purchased; MO: oil immersion microscope 
objective (xlOO, NA = 1.4); DM: dichroic mirror; FM: 
switchable mirror directing the collected light either to a spec- 
trograph or to a silicon avalanche photodiode (APD). To- 
pography measurements are done in the AFM tapping mode 
while the contact mode is used to perform mechanical manip- 
ulation of the GN. Optical images are recorded by scanning 
the sample in x and y directions while recording the emitted 
photons with the APD. The MO is mounted on a piezoelec- 
tric transducer in order to adjust the laser beam focus on the 
z-axis. (b)-When two GNs are in contact (see AFM image), a 
strong nonlinear emission is observed (see optical image). No 
emission is observed for isolated single GNs. (c)-When two 
isolated GNs are brought in contact using the AFM tip, an 
associated bright emission spot appears in the optical image. 



light emitted by the GNs is collected with the same ob- 
jective, spectrally filtered from the remaining excitation 
light using a dichroic beamsplitter, and finally directed 
either to a spectrograph or to a silicon avalanche pho- 
todiode (APD) working in the photon counting regime. 
The AFM tip and the excitation laser beam are carefully 
aligned on the same axis. Simultaneous record of the to- 
pography and the optical response then allows to monitor 
the onset of second-order nonlinear effects as the dimer 
is formed. 

A typical realization of the experiment is depicted in 
Figs.JIJb) and (c). For the laser input mean power range 
used in the experiment (~ 500 /iW), the nonlinear optical 
emission is not observed for isolated GNs (see Fig.JIJb)), 
whereas a strong nonlinear optical signal clearly appears 
when two isolated GNs are brought to contact using the 
AFM-based nanopositioning technique (Fig. [ljc)). 

Emission spectra recorded from this gold dimer while 
tuning the excitation laser wavelength from 850 to 
1000 nm are shown in Fig. |2|b). For each excitation 
wavelength, a strong narrow emission peak at half the 
excitation wavelength is observed alongside with a weak 
and broad two-photon excited luminescence (TPEL) 
background (Fig. J2ja)). In addition, the peak intensity 
scales quadratically with the laser power, as expected 



from the second-order nonlinear process [27 j. We at- 
tribute this emission line to SHG from the dimer struc- 
ture. Furthermore, the emission spectra clearly exhibit a 
maximum of SHG when the excitation laser wavelength 
is within the 950 to 1000 nm range (Fig.[2jb)), giving ev- 
idence for an infrared resonance associated to the dimer 
structure. 

This spectral behavior of the second-harmonic re- 
sponse is well explained by the analysis of Ref. [21] which 
theoretically describes the linear optical response of a 
gold dimer in the nearly touching regime. When the 
two GNs are getting close to contact, the two single 
nanosphere plasmon modes are coupled, ending in a new 
plasmon mode which resonance is rapidly shifted towards 
the infrared. We confirm this prediction with a finite 
difference time domain (FDTD) simulation of the linear 
optical properties of a gold dimer, performed with the 
Lumerical software [28]. In agreement with Ref. [21], a 
resonant behavior of the scattering cross-section is ob- 
served as well as a rapid shift of this resonance to the 
infrared as the gap is reduced. Choosing a 0.08 nm ef- 
fective gap distance for touching GNs of 100 nm size, we 
compute the linear scattering cross-section of the dimer, 
displayed in Fig. [2|c) . The dimer scattering cross-section 
variation closely matches the measured SHG excitation 
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FIG. 2: Second-harmonic radiation of individual gold dimers. 
(a)-Emission spectrum from a gold dimer recorded for an ex- 
citation laser wavelength at A ex = 980 nm, showing a strong 
SHG spectral peak and a much weaker and broader two- 
photon excited luminescence (TPEL). (b)-Emission spectra 
recorded while tuning the excitation laser wavelength A ex from 
850 to 1010 nm. (c)-FDTD simulation of the scattering cross- 
section of a dimer consisting of two 100 nm GNs separated by 
a 0.08 nm effective gap distance. 
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FIG. 3: Polar diagrams showing the SHG efficiency as a func- 
tion of the angle of the linearly-polarized excitation laser for 
two different dimers (see topography image). Intense lobes 
along the dimer axis are observed. 

spectra. In particular, it exhibits a minimum close to 
920 nm and a maximum close to 990 nm, as observed in 
Fig. [2|a). Such a correlation supports the resonant plas- 
monic origin of the SHG emission. 

To further characterize the nature of the coupled plas- 
mon mode, a polarization analysis is performed while ex- 
citing the dimer in resonance at A ex = 990 nm and rotat- 
ing the linear excitation polarization using a half-wave 
plate placed before the dichroic beamsplitter (Fig. [TJa)). 
The polar diagrams measured for two different dimers 
are shown in Fig. [3] The SHG intensity vanishes when 
the excitation polarization is perpendicular to the dimer 
axis, and increases to a maximum value when the polar- 
ization is set along the dimer axis, as revealed by the cor- 
responding AFM topographic images. This dipolar like 
response can be explained with a simple model based on 
the coupling between the plasmon oscillations in the two 
GNs. At the dimer gap, a strong accumulation of oppo- 
site charges close to each other is induced. Any charge 
oscillation driven by external light within the gap is ac- 
companied by a charge redistribution over each particle 
in order to maintain intraparticle charge neutrality. This 
redistribution finally leads to a large dipole strength of 
the gold dimer considered as a whole. While the interac- 
tion of light with charges is weak for an exciting electric 
field perpendicular to the dimer axis, the plasmon mode 
coupling becomes efficient when the field is applied along 
this axis, as experimentally observed (see Fig. |3|. 

Now we study the onset of the nonlinear optical re- 
sponse while varying the interparticle distance from large 
separation to contact. For that purpose, a gold dimer 
is gradually formed with nanometric steps by pushing a 
GN toward another with the AFM tip. After each dis- 
placement, an AFM topography image and a raster scan 
SHG image are jointly recorded. Four intermediate sit- 
uations are shown in Fig. |4ja)-(d). Despite a relatively 
small AFM tip radius (~ 7 nm), a direct measurement 
of the gap distance d between the two nanoparticles is 
obviously not possible. However, this parameter can be 
inferred with a few nanometers accuracy from the dip ob- 
served in a cross section of the topographic image of the 
dimer (see central panel of Fig. [4|, once the size of the 
GNs and the tip radius are known. The corresponding fit 



allows to infer when the two GNs are nearly in contact. 

As one GN is approached toward the other with nano- 
metric steps, one could expect a gradual rise of the 
SHG signal. However, no SHG is detected until the two 
GNs are very close to contact (see inset in Fig. [ijmiddle 
panel), in which case a high count rate of SHG photons is 
observed (Fig. [5[left panel) at IR resonance wavelength. 
By pushing further one GN towards the other, the ob- 
served SHG signal remains unchanged, allowing to con- 
clude that the SHG signal only appears when the two 
GNs are very close to contact. This behavior is related 
to the sudden increase of the excitation field at the gap re- 
gion for very small interparticle distance. Indeed, the in- 
duced accumulation of opposite charges discussed above 
leads to a strong enhancement of the excitation electro- 
magnetic field at the dimer gap. Using the measured 
particles sizes (particle diameters of 100 nm and 80 nm) 
from Fig. [4] (middle panel) as parameters and consid- 
ering the GNs completely spherical, FDTD simulations 
depicted in Fig. [4] (right panel) shows that the excitation 
field gains about 6 orders of magnitude from an inter- 
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FIG. 4: (Left panel) (a) to (d) -Topography images showing 
the assembly of a dimer by using the AFM tip to move one 
GN towards the other. (Central panel) A cross-section (red 
dashed line in (a)) is used to estimate the distance d between 
the two GNs. The SHG signal is observed only when the two 
GNs are in contact as shown in the insets of the cross-section 
graphs. (Right panel) FDTD simulation of the electromag- 
netic field intensity building up at the dimer gap as this gap 
is reduced. The gap values are those inferred from the fit of 
the cross-sections. In the case (d) of contact between the two 
spheres, a 0.08 nm value is taken in order to agree with the 
spectral behavior shown in Fig. 2. The simulation has been 
done with spherical particles of 100 nm and 80 nm in diame- 
ter, as measures topographically. Note the log-scale showing 
a six-order-of-magnitude increase between the two extreme 
values of the gap. 
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particle distance decreasing from 4.0 to 0.08 nm. SHG 
originates from this huge field which is confined within 
a nanometric volume located at the dimer gap. This 
localized excitation is compatible with the SHG raster- 
scan images (see Figjljc)) which show bright spots with a 
diffraction-limited size (« 320 nm FWHM), as expected 
for a point-like emission. 



DISCUSSION 

Second-order nonlinear optical processes require an 
overall noncentrosymmetry which can originate from a 
combination of different effects, such as intrinsic geomet- 
rical features of the dimer, excitation field dissymetry, 
or our specific detection geometry. Since a simple size 
difference between the two GNs would break the dimer 
centrosymmetry [25] , we measured the SHG efficiency as 
a function of the size difference h between the two GNs. 
The experiment is performed for 19 single dimers in close 
contact geometry while keeping the excitation at 990 nm 
wavelength. As shown in Fig. [5|a), the SHG efficiency 
decreases by almost two orders of magnitude when h is 
changed from to 35 nm. This result is a priori in con- 
tradiction with the above argument where SHG efficiency 
might increase with the size difference between the two 
GNs of the dimer. 

To understand this behavior, we compute a FDTD sim- 
ulation of the optical scattering cross section of the dimer 
as a function of the h parameter. As the asymmetry be- 
tween the two GNs is increased, the resonance resulting 
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from the coupling of the plasmon modes is blue-shifted 
and its amplitude decreases (Fig. |5jb)). From these sim- 
ulations, we can then compute the fourth power of the 
electric field amplitude at the gap while exciting at the 
fixed 990 nm wavelength. This quantity, which is rele- 
vant to the locally enhanced field around the gap, is found 
to decrease by roughly two orders of magnitude when h 
varies from to 35 nm (see inset in Fig. |5|b)), the same 
factor as measured. It confirms that the decrease in SHG 
intensity matches the wavelength shift in resonance, and 
that the SHG originates from the neighborhood region 
around the dimer gap, rather than from an overall bro- 
ken symmetry corresponding to the association of two 
GNs with different size. 

In our specific case, the SHG might originate from the 
specific experimental geometry. The tightly focused ex- 
citation beam creates a field dissymmetry from one side 
to the other of the gap plan in the light propagation 
direction. This dissymmetry induces nonlocally excited 
electric-dipole second-order processes inside the spheres 
and surrounding the gap, and locally excited quadrupolar 
processes from the metallic surfaces (TT] [I2j [14] . Any re- 
sulting off-axis radiation can then be efficiently collected 
by the high numerical aperture objective. In addition, 
the SHG could be enhanced either by specific geomet- 
rical features at the gap associated to facets of the two 
GNs [30] or by organic layers on the GNs surface [51] . 



CONCLUSION AND PROSPECTS 

In conclusion, we have experimentally demonstrated 
that highly efficient SHG is obtained from two GNs when 
very close to contact, for the given geometry-size rela- 
tion and optical excitation wavelength. Spectral analysis 
of the SHG response and polarization analysis support a 
coupled plasmon resonance origin of the nonlinear emis- 
sion. Since SHG is emitted from a nanometric volume at 
the dimer gap, it might be used as a nanosource for the 
development of high-resolution near-field imaging. Using 
the AFM-tip pushing technique, more complex nanos- 
tructures can be assembled, such as a trimer nanoparticle 
which can lead to a tunable nano-half wave plate [32] , or 
a succession of metallic beads with decreasing sizes which 
forms an efficient plasmonic nano-lens with high field con- 
centration [55] . Such structures are likely to exhibit sur- 
prising nonlinear properties in the optical domain. 



FIG. 5: (a) SHG efficiency plotted on a log-scale as a function 
of the size difference h between the two GNs of an asymmetric 
dimer (see inset). The excitation wavelength is at A = 990 
nm and laser input mean power is (~ 500 /iW). (b) Simula- 
tion of the scattering cross-section for different values of h. 
Inset: Log-scale plot of the fourth power of the electric field 
amplitude at the dimer gap |E gap | 4 as a function of h, for a 
constant 990 nm excitation wavelength. 



Acknowledgements 

We dedicate this work to our esteemed colleague Do- 
minique Chauvat who passed away during the prepara- 
tion of the manuscript. We are grateful to S. Perruchas 
and T. Gacoin for providing us with the GNs sample. We 



5 



thank J. -J. Greffet and F. Marquier for priceless discus- 
sions. This work is supported by C'Nano Ile-de- France. 



Electronic address: xuan-loc.le@m4x.org 

[1] J. C. Johnson, H. Yan, R. D. Schaller, P. B. Petersen, 
P. Yang and R. J. Saykally, "Near-Field Imaging of Non- 
linear Optical Mixing in Single Zinc Oxide Nanowires," 
Nano Lett. 2, 279-283 (2002). 

[2] A. B. Djurisic and Y. H. Leung, "Optical properties of 
ZnO nanostructures," Small 2, 944-961 (2006). 

[3] M. Zielinski, D. Oron, D. Chauvat, J. Zyss, " Second- 
harmonic generation from a single core/shell quantum 
dot," Small 5, 2835-2840 (2009). 

[4] M. Zielinski, S. Winter, R. Kolkowski, C. Nogues, D. 
Oron, J. Zyss, D. Chauvat, "Nanoengineering the sec- 
ond order susceptibility in semiconductor quantum dot 
heterostructures," Opt. Express 19, 6657-6670 (2011). 

[5] L. Bonacina, Y. Mugnier, F. Courvoisier, R. Le Dantec, 
J. Extermann, Y. Lambert, V. Boutou, C. Galez, J. -P. 
Wolf, " Polar Fe (103)3 nanocrystals as local probes for 
nonlinear microscopy," Applied Physics B 87, 399-403, 
(2007). 

[6] L. Le Xuan, C. Zhou, A. Slablab, D. Chauvat, C. 
Tard, S. Perruchas, T. Gacoin, P. Villeval, J.-F. Roch, 
"Photostable second-harmonic generation from a single 
KTiOP04 nanocrystal for nonlinear microscopy," Small 
4, 1332-1336 (2008). 

[7] C.-L. Hsieh, R. Grange, Y. Pu, D. Psaltis, " Three- 
dimensional harmonic holographic microcopy using 
nanoparticles as probes for cell imaging," Opt. Express 
17,2880-2891(2009). 

[8] A. V. Kachynski, A. N. Kuzmin, M. Nyk, I. Roy, P. N. 
Prasad, "Zinc Oxide Nanocrystals for Non-resonant Non- 
linear Optical Microscopy in Biology and Medicine," J. 
Phys. Chem. C 112, 10721-10724 (2008). 

[9] Y. Nakayama, P. J. Pauzauskie, A. Radenovic, R. M. 
Onorato, R. J. Saykally, J. Liphardt, P. Yang, "Tunable 
nanowire nonlinear optical probe," Nature 447, 1098- 
1101 (2007). 

[10] V. L. Brudny, B. S. Mendoza, W. L. Mochan, "Second- 
harmonic generation from spherical particles," Phys. 
Rev. B 62, 11152-11162 (2000). 

[11] J. Dadap, J. Shan, T. F. Heinz, "Theory of optical 
second-harmonic generation from a sphere of centrosym- 
metric material: small-particle limit," J. Opt. Soc. Am. 
B 21, 1328-1347 (2004). 

[12] J. Butet, J. Duboisset, G. Bachelier, I. Russier-Antoine, 
E. Benichou, C. Jonin, P.-F. Brevet, "Optical Second 
Harmonic Generation of Single Metallic Nanoparticles 
Embedded in a Homogeneous Medium," Nano Lett. 10, 
1717-1721 (2010). 

[13] J. Nappa, G. Revillod, I. Russier-Antoine, E. Benichou, 
C. Jonin, P.-F. Brevet, "Electric dipole origin of the 
second harmonic generation of small metallic particles," 
Phys. Rev. B 71, 165407-165410 (2005). 

[14] J. Shan, J. I. Dadap, I. Stiopkin, G. A. Reider, T. F. 
Heinz, "Experimental study of optical second-harmonic 
scattering from spherical nanoparticles," Phys. Rev. A 
73, 023819-023822 (2006). 

[15] A. Bouhelier, M. R. Beversluis, A. Hartschuh, L. 



Novotny, "Near-field second-harmonic generation in- 
duced by local field enhancement," Phys. Rev. Lett. 90, 
013903-013906 (2003). 

[16] H. Husu, B. K. Canfield, J. Laukkanen, B. Bai, M. Kuit- 
tinen, J. Turunen, M. Kauranen, "Local- field effects in 
the nonlinear optical response of metamaterials," Meta- 
materials 2, 155-168 (2008). 

[17] T. Hanke, G. Krauss, D. Trautlein, B. Wild, R. Brats- 
chit sch, A. Leitenstorfer, "Efficient Nonlinear Light 
Emission of Single Gold Optical Antennas Driven by 
Few-Cycle Near-Infrared Pulses," Phys. Rev. Lett. 103, 
257404-257407 (2009). 

[18] A. Benedetti, M. Centini, C. Sibilia, M. Bertolotti, "En- 
gineering the second harmonic generation pattern from 
coupled gold nanowires," J. Opt. Soc. Am. B 27, 408- 
416 (2010). 

[19] W. Rechberger, A. Hohenau, A. Leitner, J. R. Krenn, 

B. Lamprecht, F. R. Aussenegg, "Optical properties of 
two interacting gold nanoparticles," Opt. Commun. 220, 
137-141 (2003). 

[20] T. Atay, J.-H. Song, A. V. Nurmikko, "Strongly inter- 
acting plasmon nanoparticle pairs: From dipole-dipole 
interaction to conduct ively coupled regime," Nano Lett. 
4, 1627-1631 (2004). 

[21] I. Romero, J. Aizpurua, G. W. Bryant, F. D. Garcia de 
Abajo, "Plasmons in nearly touching metallic nanoparti- 
cles: singular response in the limit of touching dimers," 
Opt. Express 14, 9988-9999 (2006). 

[22] A. L. Lereu, G. Sanchez-Mosteiro, P. Ghenuche, R. 
Quidant, N. F. Van Hulst, "Individual gold dimers inves- 
tigated by far- and near- field imaging," Journal of Mi- 
croscopy 229, 254-258 (2008). 

[23] S. Schietinger, M. Barth, T. Aichele, O. Benson, 
"Plasmon-Enhanced Single Photon Emission from a 
Nanoassembled Metal Diamond Hybrid Structure at 
Room Temperature," Nano Lett. 9, 1694-1698 (2009). 

[24] P. K. Jain and M. A. El-Sayed, "Plasmonic coupling 
in noble metal nanostructures," Chem. Phys. Lett. 487, 
153-164, (2010). 

[25] M. Danckwerts and L. Novotny, "Optical frequency mix- 
ing at coupled gold nanoparticles," Phys. Rev. Lett. 98, 
026104-026107 (2007). 

[26] S. Palomba and L. Novotny, "Near-Field Imaging with a 
Localized Nonlinear Light Source," Nano Lett. 9, 3801- 
3804 (2009). 

[27] R. W. Boyd, Nonlinear Optics (Academic Press, New 
York, 1992). 

[28] We use the gold dielectric constants reported in Ref. [29] 
for a 500-1400 nm wavelength range and we do not take 
into account the influence of the substrate. The two GNs 
are supposed to be in air and the polarization of the 
excitation field is linear oriented along the dimer axis. 

[29] P. B. Johnson and R. W. Christy, "Optical constants of 
the noble metals," Phys. Rev. B 6, 4370-4379 (1972). 

[30] S.-C. Yang, H. Kobori, C.-L. He, M.-H. Lin, H.-Y. Chen, 

C. Li, M. Kanehara, T. Teranishi, S. Gwo, "Plasmon Hy- 
bridization in Individual Gold Nanocrystal Dimers: Di- 
rect Observation of Bright and Dark Modes," Nano Lett. 
10, 632-637 (2010). 

[31] P. Rooney, A. Rezaee, S. Xu, T. Manifar, A. Hassan- 
zadeh, G. Podoprygorina, V. Bohmer, C. Rangan, S. 
Mittler, "Control of surface plasmon resonances in dielec- 
trically coated proximate gold nanoparticles immobilized 
on a substrate," Phys. Rev. B 77, 235446-235452 (2008). 



6 



[32] Z. Li, T. Shegai, G. Haran, H. Xu, "Multiple-particle 
nanoantennas for enormous enhancement and polariza- 
tion control of light emission," ACS Nano 3, 637-642 
(2009). 



[33] K. Li, M. I. Stockman, D. J. Bergman, "Self-Similar 
Chain of Metal Nanospheres as an Efficient Nanolens," 
Phys. Rev. Lett. 91, 227402-227405 (2003). 



